Using spinning drop tensiometry, we confirmed that an effective interfacial tension (EIT) exists between miscible fluids, which is necessarily transient. We studied glycerin and water and found that the value depends on how the drop of water is introduced into the glycerin. We developed a procedure in which the less dense fluid was introduced into the more dense fluid and then the capillary was rapidly spun up to its working value. We also studied dodecyl acrylate in poly(dodecyl acrylate) at high temperature. Using the concept of the Korteweg stress induced by concentration and temperature gradients, we show with numerical simulations that convection should occur in miscible systems with sharp but nonuniform concentration and/or temperature gradients, analogous to surface-tension induced convection in immiscible fluid layers. The parameter for the stress was estimated by comparing the Cahn-Hilliard formula for the interfacial tension to experimental data from the spinning drop tensiometer. Steady-state simulations with a variation in the width of the concentration gradient were compared to simulations for a standard immiscible interface in which the variation of interfacial tension was equivalent to the variation in EIT. The maximum velocity was within 20%.
Introduction
We consider the problem of two miscible fluid in contact. If we impose temperature and/or concentration gradients parallel the transition zone, can convection occur in the absence of buoyancy? We propose that it can in a process analogous to surface-tension-induced convection. We review the thermodynamic background, evidence for an interfacial tension between miscible fluids and show with our simulations that such flows could occur but would require microgravity to observe.
Background Free Energy of Nonuniform Fluids
A single fluid at equilibrium has a free energy that is constant throughout the volume. The free energy of a nonuniform fluid can be treated by including a term proportional to the square of the concentration gradient. The expression for the free energy at a location is now a functional because it depends on the concentration beyond the location. Cahn and Hilliard developed the theory based on what is often called the Ginzburg-Landau free energy functional, in 1958. 1 We briefly summarize their results:
Consider a medium in a volume Ω . Its Helmholtz free energy can be represented as
where f(x) is a free energy density, f = e − Ts , (2) e is the specific internal energy, s the entropy and T is the temperature.
Suppose that the medium consists of two different liquids with densities and denote c(x) as the mole fraction of the first liquid. If we take into account nonlocal interactions of molecules in the liquid, the internal energy can be written as e(T,c) = e 0 (T,c) + k ∇c The free energy functional takes the form
The free energy, f 0 , as a function of composition can have one or two minima.
We first consider the case with a single minimum. The minimum of the free energy is reached on a distribution c 0 (x), which satisfies the equation
In the neighborhood of the minimum c 0 , f 0 '(c) can be approximated by a linear function,
It is important to note that a = f 0 ''(c 0 ) is positive. Hence, the only solution of the equation
is the uniform distribution c ≡ c 0 . This means that the two liquids are miscible.
It remains the same for the double-well potential near the points c 0 (1) and c 0 (3) . In the neighborhood of c 0 (2) , a = f 0 ''(c 0 ) is negative, and equation (9) can have a nonuniform solution. The free energy reaches its minimum on this nonuniform solution, and phase separation occurs. Thus the liquids are miscible if their average composition, c, satisfies the condition f 0 ''(c 0 ) > 0.
The arguments above describe behavior of the system close to equilibrium, in the case of spinodal decomposition, or at equilibrium, for diffuse interfaces. For systems far from equilibrium, the composition can be nonuniform even if the liquids are miscible.
We can write the free energy functional as
is the effective interfacial tension, and A the area of the interface. The integral in (11) is taken across the interface.
Hence we see that the free energy increases with an increase of the interface area. Since a system tends to minimize its free energy, we need to do work to increase A. The work is proportional to the effective interfacial tension.
If we consider a linear concentration gradient in one dimension, we can write:
where δ is the length over which the concentration changes, and ∆c is the difference in composition ( Figure 1 ). Of course, this only applies if δ is not too small. Cahn and Hilliard applied this analysis to systems with two coexisting phases at equilibrium but when the interface would be diffuse, such as near the critical point. 1 Whether this also applies to a system arbitrarily far from equilibrium is not obvious.
Rousar and Nauman demonstrated that assuming a linear concentration gradient the surface tension can be found without assuming the system is at equilibrium. 2 They demonstrated analytically that across a linear concentration gradient, there is a difference between the pressure normal to the "interface" and pressure tangential to it:
Notice that this is an expression for the Korteweg stress. 3 If we integrate across the interface we calculate
Theory of diffuse interfaces
Anderson et al. reviewed diffuse interface methods in fluid mechanics. 4 Basically, instead of treating the interface as a infinitely thin, the explicit variation in density at the interface is accounted for, as van der Waals first did in 1893. 5 Others have built on this work. 6 The case of the liquid/vapor interface is not of direct interest to us. However, there are many examples in which the interface between fluids is diffuse and modeled as such using what are often called "phase field models". Antonoviskii 7 treated the problem using such a model and examined thermocapillary flow (STIC).
Jacqmin modeled contact-line dynamics. 8 He also modeled two-phase Navier-Stokes flows using phasefield modeling. 9 He was able to model the RayleighTaylor instability with the Navier-Stokes equation with an additional forcing term proportional to the square of the concentration gradient. He demonstrated that the traditional sharp-interface Navier-Stokes equations are recovered as the interface thickness and the diffusivity go to zero. 9 Jasnow and Viñals modeled "thermo-capillary" flows (STIC) using a similar approach to Jacqmin, which they called a "coarse-grained description". 10 With a temperature dependent square gradient energy parameter, they could simulate the migration of an immiscible drop in a temperature gradient and spinodal decomposition of a binary fluid in a temperature gradient.
Korteweg Stresses
Korteweg proposed in 1904 that a nonuniform concentration distribution leads to stresses in a fluid. 3 Anderson and McFadden modeled internal waves in a near-critical fluid using a Korteweg stress term in the momentum equation. 11 Joseph and Renardy considered many aspects of Korteweg stresses in miscible fluids. 12 How do we relate the Korteweg stress to effective interfacial tension? Equation (14) is also the relation for the Korteweg stress if the fluid is miscible. When we integrate across the interface, we recover the effective interfacial tension (eq. 14). We note that the concept of an interfacial tension is the mechanical analog of the Korteweg stress in the limit of an infinitely-narrow interface (N m -1 ). We use the thermodynamic formulation when we refer to the interfacial energy (J m -2 ).
Experimental Evidence for an Effective Interfacial Tension in Miscible Fluids
We now proceed to the experimental evidence for an effective, or transient, interfacial tension between miscible fluids. Joseph and Renardy have impressive pictures of behavior in miscible fluids that appears to follow behavior attributed to interfacial tension. 12 Consider the following experiment: An immiscible system exists with two fluid layers. The temperature is rapidly raised above its Upper Critical Solution Temperature (UCST), the critical value such that the fluids are now miscible. What happens? An interfacial tension will exist between the fluids, which will relax toward equilibrium as the concentration gradient at the interface relaxes through diffusion. Thus an effective interfacial tension (EIT) can exist between miscible fluids.
May and Maher performed this experiment using a solution of butyric acid and water (62.1 %), which has an upper critical solution temperature at 26.310°C
. 13 They rapidly raised the system's temperature above its UCST. Using the relaxation rate of thermally excited capillary waves determined by light scattering from the interface, May and Maher were able to demonstrate that the interfacial tension exists between the miscible phases but decreases with time through diffusion.
Others have reported phenomena with miscible fluids that have been explained in terms of an effective interfacial tension. Garik et al. injected water into a CuSO 4 solution or glycerin into water. They proposed that the pattern formation they observed was not viscous fingering but an interfacial-tension induced instability. 14 Ma et al. performed a theoretical work including molecular dynamics simulations of initially immiscible fluids showing that the effective interfacial tension relaxes according to a 1/t 1/2 rule. 15 Mungall reported that miscible molten silicates form a meniscus, indicating an interfacial tension. 16 He proposed a theoretical model in terms of the gradient stresses. Castellanos and González proposed that the wave length selection in the electrohydrodynamic instability between miscible fluids of different conductivities can be explained by a transient interfacial tension. 17 Petitjeans and Maxworthy estimated the same quantity from the wavelength selection of the displacement of water into glycerin in a capillary tube and determined a value of 0.43 mN/m. 18 
Spinning Drop Tensiometry
The interfacial tension between two fluids can be measured using spinning drop tensiometry, which was developed by B. Vonnegut. 19 The principle is simple: The more dense fluid is placed into a capillary that is rotated at > 5,000 rpm (Figure 2) . A drop of the less dense fluid is injected into the capillary. The drop is subject to a pressure jump across the interface, which stretches the drop along the axis of rotation. If this were the only force, the drop would extend until it reached the ends of the capillary and form a column of fluid inside the more dense phase. Because the volume of the drop is fixed, as the drop stretches, its area increases. Thus the free energy of the surface increases. The longer the drop and the smaller the radius, the lower is the rotational energy but necessarily the surface area is greater. Thus the equilibrium drop radius can be found by finding the minimum energy as a function of radius. [15] [16] [17] and for L >> r, we have the simple relationship:
Measuring the Effective Interfacial Tension using Spinning Drop Tensiometry
Using a Krüss tensiometer and a custombuilt high temperature tensiometer (in the lab of D. Joseph at University of Minnesota), which can measure an interfacial tension with sensitivity of 0.000001mN/m, we studied the effective interfacial tension for two miscible systems. We had two goals: 1) Test the hypothesis that an effective interfacial tension existed between miscible fluids, including dodecyl acrylate and its polymer.
2) Estimate the gradient energy parameter in the free energy functional for dodecyl acrylate/poly(dodecyl acrylate) and determine its temperature dependence.
The capillary was filled with the polymer, whose temperature was controlled within 0.1 °C. The drop was injected and then the capillary rapidly spun up to its operating speed. The drop radius was measured with a image analysis system.
The fact that a drop of water, or monomer inside a polymer liquid, does not stretch to the end of the tube immediately is a strong argument for the existence of an effective interfacial tension.
The pressure difference caused by the difference in density and the rotation forces the drop to stretch along the rotational axis. There must be a resisting mechanism and that is the effective interfacial tension. Reducing the diameter of the drop reduces the pressure difference but increases the surface area of the drop. Because of the EIT, the increase in area increases the free energy.
What is the natural relaxation time for an immiscible drop? Hu and Joseph simulated immiscible polymer systems with high viscosity, 1000 poise for the drop and 10 poise for the more density phase and the same density difference as glycerin and water.
The viscosity of glycerin is 12 poise so this system is 100 times more viscous.
They calculated the relaxation time as less than 100 seconds. 20 Heinrich and Wolf measured the relaxation time or rotationjump experiments for viscous polystyrene systems and measured relaxation times of less than 180 seconds. 21 Petitjeans measured the EIT for glycerin/water and found that the drop diameter reached a quasi-steady value after 100 seconds. 22 A drop of dodecyl acrylate (with added dye) is shown in Figure 3 , 130 seconds after rotation was started. Figure 4 shows the evolution of the apparent interfacial tension at 90, 100 and 100 ˚C.
Estimation of the Square Gradient Parameter
Recall that the Cahn-Hilliard theory of diffuse interfaces predicts that for a linear gradient the interfacial tension has this form:
For glycerin/water and polymer/monomer (at 200 ˚C) the values of EIT are approximately 0.6 mN/m. ∆C is the difference in molecule fraction, which is one. So we need an estimate of δ, which we can obtain in two ways. One way is to estimate the diffusion distance, = Dt .
Petitjeans and Maxworthy measured the diffusion coefficient for glycerin/water to be on the order of 10 -6 cm 2 /s. Taking the time on the order of 100 s, we obtain of 0.01 cm. This is also consistent with a measurement of the gray scale profile of a captured image of a spinning drop.
For polymer at 200 ˚C, we estimate the width of the transition zone to be 0.3 mm, which would give k = 1.8 x 10 -7 N. We use the smaller value in our simulations to provide a lower estimate of the expected flow. c) capillary forces are tangential to the composition gradient, d) the fluids are incompressible and have the same density and viscosity, we obtain the following model.
Where T is the temperature, v is the fluid velocity, p is the pressure, ν is the kinematic viscosity, ρ is the density and c the mole fraction of polymer. K ii are the stress tensor terms, defined by:
where k is system specific, with units of N.
(26-28)
We emphasize that this k is the same constant in the square gradient energy term, and we have estimated it from the tensiometer measurements.
Assumption (b) follows from the Cahn-Hilliard theory and reflects molecular interactions in fluids that lead to the appearance of forces tangential to the composition gradient (assumption (c)). Finally, we make the last assumption to simplify the model and to separate the influence of various factors that would complicate the interpretation of the results. Diffuse interface methods, or phase-field modeling, have been shown by several authors to be identical to the classical interface method in the limit of an infinitely narrow interface. 4, 8, 9, 11 To test the validity of our modeling, we compared the Korteweg calculation for a fixed concentration gradient, which was not perturbed by the flow or diffusion, to a twofluid interface model. We show now that a width, δ, of 0.01 cm is sufficiently narrow to correspond to the interface model, with the velocity consistently larger than the corresponding interface problem with interfacial tension calculated based on the CahnHilliard formulation for the diffuse interface.
Three sets of simulations were performed: 1) Effect of temperature gradient. Using the Korteweg formulation with δ = 0.01 cm, the k varied linearly to correspond to the effect of a 50 K temperature difference. The interface simulation used the corresponding interfacial tension calculated from the Cahn-Hilliard theory. Figure 5 shows the flow patterns for both simulations and the velocity along the centerline (or interface). Note how similar they are.
2) Effect of concentration gradient. Using the Korteweg formulation with δ = 0.01 cm, the C varied linearly across the "interface" from 1.0 -0.9. The interface simulation used the corresponding interfacial tension calculated from the Cahn-Hilliard theory (eq. 12).
3) Effect of a variation in transition zone width. In the Korteweg formulation the δ varied linearly from 0.01 cm to 0.1 cm. The interface simulation used the corresponding interfacial tension calculated from the Cahn-Hilliard theory. 
Simulations of the Time-Dependent Flow Field
To determine the relaxation of the flow field we must simulate the time-dependent problem, which is very challenging. The simulations were performed with these parameters: Polymer viscosity = monomer viscosity = 1 cm 2 s -1 .
Diffusion coefficient, D, = 0.00001 cm 2 s -1 .
Thermal diffusivity, κ, = 0.001 cm 2 s -1 . We have performed them with the same viscosity for monomer and polymer, which is temperature independent. The width of the transition zone, δ, was varied from 0.18 cm at one side to 0.9 cm at the other side. Because of numerical difficulties, the more realistically-smaller values could not be simulated so k, the gradient parameter, was increased to compensate. Again, a rapidly relaxing flow was created (Figure 8 ). A rapid temperature gradient could be created (Figure 9 ).
To minimize the effects of g jitter, the apparatus was free floated during the low g phase of a parabola, being released just after the light was turned on. In Figure 10 , we show an image of the glycerin/water during free float. No motion of the particles was observed during the 2 -3 seconds of free float.
Conclusions
By studying miscible drops of a monomer with its polymer in a spinning drop tensiometer, we are able to provide evidence for the existence of a transient interfacial tension, consistent with the square gradient theories of thermodynamic interfaces.
Using parameters from the experiments, we performed simulations based on Korteweg stresses. Convection could be caused by temperature gradients or concentration gradients parallel to the large gradient between the miscible fluids. A variation in the width of this transition also caused convection.
Because the gradients we imposed also caused density gradients, buoyancy-driven convection would overwhelm the effective interfacial tension driven flows. Thus, experimental verification requires a microgravity-based investigation.
We attempted to observe such convection heating the transition zone between glycerin and water in a freefloating apparatus on the KC-135. The short time afforded during the free floats did not allow conclusive observations.
